Abstract-This paper presents modelling, simulation and analysis of novel control strategies for variable speed wind turbines driven by a Permanent Magnet Synchronous Generators (PMSG) connected to the grid. The machine side controller is designed to match Maximum Power Point Tracking (MPPT) to obtain high extraction of wind power while connected to a the grid, and the grid side controller fixes the DC voltage that is converted to fixed 3-ph AC voltages and frequency. Main strategies of PI control and Model Predictive Control (MPC) have been discussed and compared to each other. Simulated voltage and current profiles are also presented in the paper in different cases of operation.
I. INTRODUCTION
In recent years, there has been a significant escalation in the production of clean energy, especially wind energy in order to keep the environment within agreed limits in terms of CO2 emissions. This has led to the production of wind energy with multiple control and protection considerations in order to enhance power system generation quantities such as voltage, frequency and power. To achieve that, wind energy has been controlled during the operation process to keep appropriate amount of power injected to the power grid or stored in batteries. Squirrel-Cage Induction Generators (SCIG) and Double Fed Induction Generators (DFIG) are typically used in fixed speed systems. At present fixed speed turbines are well-established, simple, robust, reliable, and cheaper when compared to other generators that have been employed in a variable speed Wind Energy Conversion System (WECS). Due to the continuous variation of wind speed during short periods of time, the need for variable speed generators becomes necessary. On the other hand, Permanent Magnet Synchronous Generators (PMSG) have been most recently deployed in the generation of electrical power from wind energy either in stand-alone operation or grid connected mode due to higher power density, higher efficiency, good power capability and low maintenance due to less mechanical components [1] [2] . The schematic diagram of a WECS is shown in fig.1 . The proposed model as presented in this paper is a combination of Wind Turbine (WT) with a directly driven PMSG connected to the grid in order to satisfy the grid code requirements of constant voltage and frequency. For the grid connection design, the control circuit is required to maintain the electrical voltage and frequency within rated limits in case of wind speed variation. Field Oriented Control (FOC) and Direct Torque Control (DTC) are both dominant in the theoretical and practical simulation and application of Machine Sid Converter (MSC) control [3] . For Grid Side Control (GSC), Voltage Oriented Control (VOC) and Direct Power Control (DPC) are two common strategies that are used to control the output signals of currents. Moreover, as the wind speed is variable , the extracted power of the wind should be maximum in order to achieve the highest efficiency values for all wind speed cases [4] . At present, different types of controllers have been developed and have enhanced the wind system in order to achieve 978-1-5090-4650-8/16/$31.00 c 2016 IEEE several advantages such as, reduction in system losses, size and cost. Model Predictive Control (MPC) is a widely deployed control method that has demonstrated enhanced robustness and performance [5] [6] . This paper presents the analysis and design of FOC schemes on the generator side and VOC schemes on the grid side in order to define a mathematical model to predict the future behaviour during each sampling period [7] .
II. SYSTEM MODELLING

A. Wind Turbine Model
Wind energy is converted to mechanical power through a wind turbine and then to electrical energy through a generator. The kinetic energy from the flow of air through a unit area perpendicular to the wind direction per mass is converted to mechanical energy. From Newton's Law, the power captured by a wind turbine from an air stream flowing through an area A is equal to:
where P m is the wind power (watts or J/s) , ρ is the air density values from 1.1 to 1.3 (kg/m 3 ), A is the area swept out by turbine blades (m 2 ), v w is the wind speed (m/s). λ is the Tip Speed Ratio (TSR) can be defined as follows:
where R is the radius of the area swept out by blades turbine and ω m is the mechanical speed of the generator in rad/s. The power coefficient C p can then be expressed as a function of λ and pitch angle β in (3):
and
where β is the pitch angle of the blade in degrees. The coefficients parameters of (3) are imperical constants and can be estimated for a WT as:
, and C 6 = 0.0068. In practice, the power coefficient C p reaches a maximum value that will be within the range 40-50 percent according to Betz's limit. This means that the power extracted from the wind is always less than 50 percent. The value below the theoretical limit is caused by the inefficiencies that lead to various aerodynamic losses, which depend on the rotor construction with regard to number and shape of blades, weight, stiffness, etc. The relationship of the performance power coefficient, C p of a wind turbine and the TSR shows that the maximum values of C p in all operational situations occur at optimum values of (TSR). By adjusting these values in the control circuit it is possible to obtain the Maximum Power Point Tracking MPPT for any variation of wind speed. Fig.2 shows the relationship between the power coefficient C p and optimum values of TSR for different values of pitch angle β. The output mechanical power varies with the angular velocity ω m , for variable values of the wind speed according to the synchronous machine characteristics. A significant aim of this research is to achieve optimum values of ω m that satisfy the maximum output mechanical power of the wind. Therefore the above important relationships of C p and λ should be taken in to account in order to obtain optimum design as shown in fig.2 . The dynamic equation of the wind turbine is given in (5):
where J is the total moment of inertia, F is the viscous friction coefficient and T m is the mechanical torque developed by the turbine.
B. PMSG Model
The output voltages of PMSG can be represented in the synchronous rotating reference frame where the q-axis is 90 degrees ahead of the d-axis with respect to the direction of rotation. The d-q stator voltages equations of this generator shown in fig. 3 are given by (6) and (7) respectively.
where L d and L q are the inductances of the generator on the d and q axis, R g is the stator resistance, ψ f is the permanent magnetic flux and ω e is the electrical rotating speed of the PMSG:
where p n is the number of pole pairs. The electromagnetic torque can then be expressed as :
By controlling the value of i q , electromagnetic torque can be controlled. The values of this torque is followed by the mechanical torque and then by the mechanical power that satisfy MPPT.
III. CONTROL SYSTEM SCHEMES
A. Conventional Control Scheme
Since all quantities have to be kept within acceptable limit the output voltage and frequency have to be constant. Therefore, the control system has been designed to perform this aim in both machine and load sides. One widely deployed control scheme is vector control which uses FOC to achieve an acceptable limit of accuracy and speed. This type of control uses a Proportional Integral (PI) Controller to adjust the signal errors. In the MSC circuit, there are two loops that perform this scheme, inner loop and outer loop. The aim of the inner loop is to control the d-axis and q-axis currents while the outer loop controls the generator speed. The outer loop controls the speed of the generator using a set value that satisfies the condition of MPPT of the wind. This controller has a proportional parameter K p and integrator parameterK I , which have to be tuned appropriately in order to obtain the optimum operation and response. The required q-reference current i q ref is determined by speed controller and the output of PI controller is:
where K p ω and K I ω are the proportional and integral parameters of PI controller for the rotor speed loop, while e ω is the error between the reference speed and measured speed of the generator. According to the q-axis reference current, the d-q controlled voltages of the inner loop can be determined by two the PI controllers as shown in the following equations (11) and (12):
where,V *
Finally, the controlled voltages can be transformed to abc voltages by Park inverse transformation to obtain the values of the IGBT switches.
In the GSC circuit , there are also two loops that perform this scheme, inner loop and outer loop. In the outer loop control the DC voltage should be adjusted to follow the set values.
B. Model Predictive Control Scheme
As the manufacturing and wind energy markets have developed, modern robust controllers become more and more necessary in order to follow grid code requirements and adhere to engineering recommendations. A recently developed approach is Model Predictive Control (MPC) that has been introduced as an alternative controller in the power system industry due to a range of advantages. [8] [9].
IV. ANALYSIS OF MODEL PREDICTIVE CONTROL
A. Machine Side Control
The predictive control of machine side is shown in fig 4. The cascaded control loop has been used to control the currents and speed of the machine. This can be divided to internal loop for currents and external loop for speed. The external speed loop can be controlled by conventional PI methods to adjust the rotor speed.
Alternatively, an MPC internal loop controls the stator currents in the dq synchronous reference frame.
Maximum torque at the minimum current can be obtained by adjusting the d axis stator current reference i * sd to zero. The q axis stator current reference i * sq is computed via the external speed controller.
1) Current Loop Control:
In order to control the dq axis currents, the generator equations in (6) and (7) can be rewritten as (15) and (16), respectively: In order to obtain the predictive current values, the above equations (15) and (16) can be represented by applying the Euler discretization method as follows:
where T s is the sampling period. The values of these voltage components can be expressed in the dq synchronous reference frame and can be determined through the rotation angle equal to (θ dq ) to the αβ components of the stator voltage vectors as shown in Table I . Taking in to account the eight switching states combinations of the MSC with two combinations V 0 and V 7 that lead to null stator voltage vector, the equations (17) and (18) 
It is possible to predict the values of dq stator vector components (Δi during the kth sampling period of time and the predicted value at the (k+1)th sampling period. These errors can be expressed as follows:
The errors can be estimated for all sector values j = 0...7. According to the above equations (17), (18), (21) and (22), a cost function g j is formulated using the stator current error components. This cost function can be defined as follows in (23)
Finally, the selection of the optimal switching state combination S(a, b, c) opt can be obtained to minimize the cost function Min(g j ) for all values of j = 0...7.
2) Speed control loop:
A PI controller with proportional gain K pω and integral gain K iω can be used for speed control. The block diagram of the outer loop of speed controller has been constructed as a conventional PI control system. By neglecting the effect of the load torque T L , the transfer function of the speed control loop can be defined as follows in (24) ω
B. GRID SIDE CONTROL
The MPC for the grid side is shown in Fig. 5 . A cascade control loop has been used, and a PI controller is used for the dc-link voltage Vdc in external loop. The main internal loop controls the grid currents in the dq synchronous reference frame, where the d axis is linked to the grid voltage vector. The q axis grid current reference i * gq is set to zero in order to impose unit power factor operation, whereas the d axis grid current referencei * gd is computed by the PI controller of the outer dc-link voltage control loop mode. Considering that the main objective of the MPC scheme is to control the active and reactive power through the control of the d and q grid current components.
1) Current Control Loop:
In the same manner that was used for MSC scheme, the current can be controlled by by adjusting the predicted vales of d and q grid current components. During each sampling period, the evolution of the d and q grid current components depends on the applied converter voltage components
It is obvious that the voltage vectors
depend also on the dc-link voltage Vdc level using Park and Clark transformation as specified in the following equations: Finally, the cost function can also be defined in a similar manner in the following equation:
Minimisation of the cost function can be achieved by selecting optimal values of the above switching signals considering that the applied switching signals during the previous sampling period so that the switching frequency is minimised.
2) DC voltage Control Loop: The DC link voltage can be expressed as a function of the voltage across the capacitor as in (30):
where i c is the capacitor current and C is the dc-link capacitor, i dc is the current at the output of the GSC and i inv is the current at the input of the grid side. By cancelling i inv effect, 
By using a second order system characterized by a natural frequency of oscillation equal to ω ndc a damping ratio ζ dc , the tuned parameters can be obtained as in (32)and (33) :
V. SIMULATION AND RESULTS
The Matlab/Simulink programming environment has been used to demonstrate the effect of the novel control of MPC in MSC and GSC, respectively. The simulations show that the effect of the controller during different values of wind speed. The initial conditions of simulation are taken in to account in order to operate the system in a stable manner. In MSC the set value of i d is equal to zero to achieve Maximum torque at the minimum current. The dc-link capacitor should be charged to rated value of dc voltage ( Vdc= 7100). In GSC the set value of i q is equal to zero to ensure a unity power factor. Fig. (6) shows the variation of wind speed with respect to time. As a result of this variation, the generator speed will be varied when the wind speed changes, then the output generator current also be changed as shown in fig. 7 . The DC link voltage will be kept constant by the GSC as shown in fig(8) , then output grid currents will be improved using MPC when compared to conventional PI control as shown in figs. 9 and 10.
VI. CONCLUSION
A space vector pulse width modulation control scheme has been developed using MPC for a back-to-back converter in a WECS. This control scheme has been applied to provide FOC with grid connection. The scheme is divided into two parts, MSC and GSC, respectively. The first part of the scheme adjusts the rotor speed to achieve MPPT in order to obtain high efficiency in power conversion, whilst the second part of the scheme controls the the DC-Link voltage in order to adjust the grid voltage as well. The MPC scheme as presented in the paper shows that the controller has a robust performance with regard to wind variation with less distortion compared to a conventional PI controller. 
